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The fact that adsorption can deform solids has been known for centuries, but has been the 15 subject of renewed interest in the last decade or so, since the discovery that some metal-organic 16 frameworks (MOFs) can exhibit large deformations upon adsorption. As I will try to address in this 17 mini-review, not only does adsorption impact the mechanical response of the adsorbent, also does the 18 mechanical response of the adsorbent impact the adsorption process: the coupling between 19 adsorption and mechanics is a two-way coupling. 20
Depending on the size of their pores, porous bodies are referred to as microporous (i.e., with a 21 pore size below 2nm), mesoporous (i.e., with a pore size between 2nm and 50nm), or macroporous 22 (i.e., with a pore size greater than 50nm). The physics through which in-pore fluid can deform a porous 23 body depends on this pore size: capillary effects (i.e., effects due to the presence of menisci between 24 various phases of the in-pore fluid) and Gibbs-Bangham-like effects (i.e., deformations induced by 25 adsorption on solid surfaces) in mesoporous materials, or pore filling (rather than surface covering) in 26 microporous solids. Note that, even in macroporous solids (in which fluid is not adsorbed but behaves 27 like a bulk phase), in-pore fluids can deform the body, through their pressure variations (see, e.g., [1] ). 28
One can already find in the recent literature an extensive review of adsorption-induced 29 deformations in porous solids [2] , which I will partly complement with some most recent works. I also 30 want to mention a recent review on the computational chemistry of soft porous crystals [3] . 31 In this mini-review, I will first introduce some frameworks used to estimate adsorption-induced 32 strains, before tackling the notion of the two-way coupling between adsorption and mechanics, and 33 moving to specific complexities incorporated in the modeling of adsorption-induced deformations. 34 2. Some frameworks to predict adsorption-induced strains 35 The discussion in this section is quite generic and disregards specific complexities of the material, 36 which will be addressed later in the manuscript. 37
A first pore-scale approach to predict adsorption-induced strains is a thermodynamic one, which 38 consists in identifying the energy to minimize in the so-called osmotic ensemble, which is the right 39 thermodynamic ensemble to address adsorption-induced deformations [4] . a. Notion of pore-load modulus
60
With most pore-scale approaches, the effect of adsorption is translated into a stress, which then 61 needs to be translated into a strain, for which purpose an elastic modulus is needed. To this effect, 62
there exists the notion of pore-load modulus , which relates a strain to a pressure of fluid in the 63 pore through: = / . A pore-load modulus is only valid for a specific direction and a specific 64 loading [8] . For transverse isotropic membranes of porous silicon exhibiting a random honeycomb 65 structure, by using n-heptane above capillary condensation, Rolley et al.
[13] measured pore-load 66 moduli and showed that their magnitudes are consistent with elastic properties measured by direct 67 stretching of the membrane: pore-load moduli can be used to measure elastic properties of the porous 68 material. 69
With finite-element modeling (FEM), Rolley et al. [13] showed that, to retrieve the correct elastic 70 properties of those same membranes, the elastic modulus of the solid walls must be about 2 to 6 times 71 smaller than the bulk modulus of bulk silicon, depending on the direction considered: they attributed 72 this discrepancy to finite-size effects and defects of the solid walls. In contrast, based on adsorption 73 measurements with argon and n-hexane on Vycor (i.e., an amorphous mesoporous silica glass with 74 worm-like channels), Gor et Gurevich [14] When adsorption occurs on surfaces, the surface stress , which deforms the solid surface, is 101 related to the excess adsorbed amount Γ through Shuttleworth's equation [18] : 102
where is the surface strain of the solid surface. In a generic case (i.e., valid for micropores, 104 mesopores, or macropores), the volumetric stress induced by the presence of the fluid is related to 105 the amount of fluid in the body through [9]: 106
where is the volume strain of the body. Those The stress induced by adsorption can be anisotropic (e.g., in a cylindrical pore, adsorption-204 induced stresses are not identical in the axial and in the radial directions [7, 8] ). Also, pores can be 205 organized in an anisotropic manner, or the mechanical behavior of the material can also be anisotropic. 206
Consequently, there exist various potential sources of anisotropy because of which adsorption at the 207 microscopic scale can lead to a macroscopically anisotropic deformation. In coal for instance, the 208 anisotropy of the adsorption-induced strains was shown to be mostly due to the anisotropy of the 209 mechanical behavior, while the adsorption stress itself is mostly isotropic [44] . Anisotropic effects can 210 also add or counterbalance each other: in silica struts containing parallel cylindrical mesopores [7] , the 211 cylindrical pore geometry makes the axial adsorption-induced stress about 3 times larger than the 212 radial one but, as consequence of the anisotropy of the mechanical properties of the porous struts, 213 deformations at the scale of a strut are roughly isotropic. 214 215 c. Beyond the linearity of the mechanical behavior of the solid
216
The simplest elastic behavior of a solid material is a linear one: stresses and strains are linearly 217 related, following Hooke's law. But many materials do not follow Hooke's law, as is the case for 218 instance for cracked media (upon compression, cracks close so that the stiffness of the material 219 increases), or for polymeric solids. For wood for instance, whose elastic behavior is also nonlinear, 220 adsorption-induced strains were modeled by taking explicitly into account the complexity of the free 221 energy of the dry porous solid [10] . Molecular simulations can help explore the complexity of the free 222 energy landscape: for another mechanism inducing flexibility in a MOF, namely the swing effect in ZIF-223 8, Coudert [47] showed with the help of quantum chemistry calculations and first-principles molecular 224 dynamics that the flexibility is not a bistable system, but that the deformation evolves continuously 225 with the pore loading. pores with a variety of sizes, deformations should vary from pore to pore. Since many models to predict 240 adsorption-induced strains are formulated at the pore scale, the question arises of how to translate 241 strains at this scale into strains at the macroscopic scale of the sample. 242
Even though the variations of the volume of the sample are sometimes assumed to be equal to 243 the variation of volume of the pores (e.g., in [21]), note that it is generally not the case, as the volume 244 of the solid skeleton can vary as well. When the geometry of the pores is well defined, one can find 245 out how stresses/strains at the pore scale translate into strains at a larger scale by using the finite 246 element method (FEM), as was done for an anisotropic mesoporous silica body made of parallel 247 cylindrical channels [7, 8] . For the nanoporous crystalline MIL-53, to upscale information on the 248 breathing transition from the scale of the individual cage to the scale of a whole crystal, a Hamiltonian-249 based model was proposed [49] . When some information is known about the microstructure, one can 250 try to inject this information in the prediction of the adsorption-induced strains: such was done for 251 instance for a synthetic activated carbon with a bi-modal distribution of pore sizes, for which models 252 of adsorption-induced deformations were derived, that take explicitly into account the fact that the 253 sample contains both nanopores that adsorb fluids and macropores that contain bulk fluid [50] . 254
In practice, many materials are composite or heterogeneous. As a consequence of this 255 heterogeneity, an additional complexity in the upscaling process is that adsorption-induced 256 deformations can be heterogeneous, as was observed for coal in presence of methane, through 3D 257 digital image correlation of X-ray microtomography images [51] . On composite materials with a core-258 shell microstructure, in which an adsorbing core is surrounded by an elastic binder, the presence of 259 the binder was shown to decrease the magnitude of the adsorption-induced stresses and strains [52] . 260 Also, if the adsorbing core can be subjected to adsorption-induced structural transitions, the presence 261 of the binder impacts the pressures at which those transitions occur [52] . One way to decipher how 262 adsorption-induced strains at the scale of the microscopic phases translate macroscopically into a 263 strain of the macroscopic composite sample is to use FEM, as shown in [53] on composite microporous 264 materials. 265
Concluding comments
266
In this mini-review, I covered not only how adsorption impacts the mechanical behavior of the 267 adsorbent and deforms it, but also how mechanics (i.e., strains or stresses) impacts the adsorption 268 process and the importance of taking into account this coupling. There exist several well-established 269 frameworks to model adsorption-induced strains, and a trend in the modeling of adsorption-induced 270 deformations is to take into account as much as possible of the complexity of actual materials, in terms 271 for instance of microstructure (pore size distribution, pore morphology, heterogeneity,…) or of 272 mechanical behavior of the adsorbent (anisotropy, non-linearity,…). 273
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